The n-type alloys between PbSe and PbS are studied. The effect of alloy composition on transport properties is evaluated and the results are interpreted with theories based on random atomic site substitution. The alloying in PbSe 1Àx S x brings thermal conductivity reduction, carrier mobility reduction as well as change of effective mass. When all these factors are evaluated, both experimentally and theoretically, the optimized thermoelectric performance is found to change gradually with alloy composition. High zT can be found in all PbSe 1Àx S x alloys. The possibility of achieving significant improvement of zT through alloying is also discussed.
Introduction
Highly efficient thermoelectric materials are essential for waste energy recovery 1 and the development of such materials characterized by high gure of merit zT, dened as zT ¼ S 2 sT/(k e +k L ) (S is the Seebeck coefficient, s is the electric conductivity, and k e and k L are the electron and lattice thermal conductivity, respectively), has been the focus of thermoelectric research.
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Alloying is one of the few proven strategies that lead to the best zTs in materials for high temperature applications. Among them are the well known SiGe 6-8 and TAGS [9] [10] [11] [12] alloys used in the radioisotope thermoelectric generators (RTGs) powering multiple spacecras for decades. Alloying in thermoelectrics provides a wide control of different material properties, including thermal conductivity, [13] [14] [15] the band structure, [16] [17] [18] [19] [20] mechanical properties 21 and even carrier density: 22, 23 all closely related to the thermoelectric performance and zT.
Lead chalcogenides is a family of compounds with promising zT at high temperatures. [24] [25] [26] For PbTe, improved zT has been observed in different alloys such as PbTe 1Àx Se x , 27, 28 Pb 1Àx Mg x Te (ref. 29) and Pb 1Àx Cd x Te (ref. 30) . High zT was also found by different studies in PbTe-MTe [31] [32] [33] [34] (M: Ca, Mg, Sr, Ba) and PbTe-CdTe, 35, 36 where they were shown to have nano-scale features that are also suggested as important for good thermoelectric properties. For the less studied chalcogenides, high zT was also reported for systems such as PbSe-PbS, 37 PbSe-MSe [38] [39] [40] (M: Ca, Sr, Ba), and PbS-XS 41,42 (X: Ca, Sr, Zn, Cd), where similar nanostructures were also observed.
The old concept of solid solutions based on random atomic site substitution is however far from obsolete. Transport properties of many high zT materials from recent studies 27,43-45 have followed theories based on this concept. By studying a specic case of n-type PbTe 1Àx Se x , simple criteria 46 were concluded for benecial disorder when there is no change in the band structure.
Like PbTe 1Àx Se x , PbSe and PbS also form complete solid solutions, according to the phase diagram. A previous study 37 on PbS added to PbSe focused on the nano scale features induced by the small amount of PbS addition whereas a study of the entire composition range especially on the PbS rich side is still missing. Recently we have studied 47 stoichiometric PbSe 1Àx S x , where the dependence of mobility and lattice thermal conductivity on alloy composition suggested zT improvement in the alloys. In this report we present a comprehensive study of PbSe 1Àx S x with different doping levels (by Cl substitution of the anion) and quantitative analysis based on the random solid solution model. The transport properties are well explained with this simple picture with a minimal number of tting parameters and the previously observed nano-scale feature in this system does not produce further lattice thermal conductivity reduction. With important material parameters determined for this alloy system the effect of disorder on thermoelectric performance was evaluated using the quality factor. We demonstrate that high zT can be found for any composition of PbSe 1Àx S x , while more signicant improvement will need additional material engineering. increasing S content following Vegard's law, consistent with the results on undoped samples 47 (Fig. 1b) . Polished surfaces showed a homogeneous morphology (Fig. 2) under SEM where S and Se are found evenly distributed throughout the matrix and no precipitates with enough compositional contrast down to 50 nm can be seen. These are behaviors of solid solutions with statistically random atomic distribution. Recently many lead chalcogenides [31] [32] [33] 35, 36, 39, [48] [49] [50] [51] (including PbSe with PbS addition < 16%) are found with nanostructures on the <10 nm scale using TEM. These features on the nanoscale are not necessarily in conict with our SEM observation at larger scales. We thus refer to the PbSe 1Àx S x system as "alloys", which includes the case of random solid solutions as well as mixtures with multiple phases. Fig. 3a Fig. 3a , the effective mass increases with increasing S content, roughly following the linear extrapolation between two binary compounds (solid lines are calculated for each composition with m * d from this trend). An abrupt change of DOS effective mass, which is oen an indication of band convergence 19, 55 is not observed. Within experimental uncertainty the effective mass changes linearly, although there could be slight bowing (nonlinearity) as seen in some III-V semiconductor alloys. 56 For dilute alloys the difference in effective mass is The influence of alloy composition on transport properties: (a) Seebeck versus carrier density for different compositions, the inset shows the DOS effective mass m comparable with experimental uncertainty, which is probably why no difference in effective mass was observed in ref. 37 . Besides having inuence on effective mass the random substitution also introduces lattice thermal conductivity reduction as well as mobility reduction, as discussed previously in the n-type PbTe 1Àx Se x system.
46 Fig. 3b shows the lattice thermal conductivity k L at both 300 K and 850 K for alloys with different sulfur contents. The 300 K data include k L calculated from doped samples (the diamonds) and undoped ones 47 58, 59 that links the lattice thermal conductivity of alloys with a perfect system without disorder. At high temperature if the dominant scattering mechanisms for phonons are Umklapp scattering and point defect scattering, then:
k L,alloy and k L,pure are the lattice thermal conductivities of the alloy and the perfect (virtual) crystal without disorder, respectively. v is the average speed of sound, q D is the Debye temperature, and U is the volume per atom. The scattering parameter G includes inuence from mass difference, bonding force difference and strain eld induced by point defects for binary (A 1Àx B x type) or pseudo-binary (AB 1Àx C x type) systems:
DM and Da are the differences in mass and lattice constants between the two binary compounds; M and a are the molar mass and lattice constant of the virtual crystal. The parameter 3 is related to the elastic properties and is generally treated as a tting parameter. 13, 61 Nonetheless the value of 3 could be estimated using:
13,58,62
where g is the Grüneisen parameter and r is the Poisson ratio. G is a ratio between the relative change of bulk modulus DK/K and the bonding length DR/R. The ratio G is relatively constant within similar material systems, 63, 64 for example for covalent IV and III-V structures G ¼ 4, for more ionic II-VI and I-VII structures G ¼ 3 and for complex oxide structures G 53 . There are no tting parameters involved in the calculation of k L for the alloys between PbSe and PbS.
As shown in Fig. 3b the reported 37 k L for PbSe with PbS addition (#16%), including those where nanostructures are observed, exhibit the same magnitude of reduction compared with results from this study both at 300 K and 850 K.
The effect coupled with thermal conductivity reduction in solid solutions is the mobility reduction due to the introduced alloy scattering of carriers, 65-69 the magnitude of which in the case of PbSe 1Àx S x at both 300 K and 850 K is shown in Fig. 3c . Both doped and undoped samples 47 are shown for 300 K (together with values reported by Stavitskaya 57 ) and only doped samples are shown for 850 K. The observed mobility reduction is not symmetric: it decreases quickly as PbS is added to PbSe whereas only a marginal reduction in mobility is seen when PbSe is introduced to PbS, regardless of doping or temperature.
For both PbS and PbSe at room temperature, both deformation potential scattering (i.e. acoustic phonon scattering) and polar scattering from optical phonons are important. 53 The relaxation time for each mechanism can be expressed as:
where m * d is the total DOS effective mass. C l is the average longitudinal elastic constant.
70 N v is the degeneracy of the conduction band. X is the deformation potential coefficient. 3 0 and 3 N are the static and high frequency dielectric constants, respectively. 3 is the reduced carrier energy E/k B T and a ¼ k B T/E g , where E g is the gap between two interacting bands at the L point of the Brillouin zone. These properties of alloys are also taken as the linear average of two binary compounds. The generalized Fermi integral n L m l is dened by:
In alloys a new scattering mechanism is introduced due to the atomic substitution. Relaxation time of this alloy scattering in narrow gap semiconductors can be written as:
46,71,72
U is the volume per atom. x is the percentage of substituted atoms. U is the alloy scattering potential, which is generally believed to be the energy offset of atomic levels that forms the conduction/valence band. Such a view cannot entirely explain why U is found 46 to be around 1 eV for n-type PbTe 1Àx Se x while the conduction band offset 73 between PbTe and PbSe is only 0.1 eV. In this study, U is taken as the only tting parameter and U ¼ 1 eV is determined. The similar U value is consistent with the similar conduction band offset, which is 73 0.15 eV between PbSe and PbS.
The solid lines in Fig. 3c show the calculated mobilities assuming a constant h ¼ E F /k B T of À0.3 (for undoped), 3.6 (for doped) and À0.2 (for doped samples at 850 K). The calculation, based on the classic concept of solid solutions, matches the observed results reasonably well in all cases. The asymmetrical mobility reduction is also reproduced by the calculation. The alloy scattering potential U is constant throughout the composition range, which means the asymmetry is not due to the different magnitude of scattering from S and Se. Actually, as shown by the Pisarenko relation, m Seebeck coefficient values at 850 K for these samples are about the same at À190 mV K À1 (AE10%). These will lead to zT values close to the optimized ones at 850 K for all compositions. At 850 K, zT is found to increase when substituting S in PbS with Se, while it is found to decrease when substituting Se in PbSe with S. Neither of these changes, however, is signicant especially when compared with the averaged zT from the rule of mixing between PbSe and PbS (the dashed lines). A simple estimate 46 of whether a disorder is thermoelectrically benecial or not can be done by evaluating:
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Both (9) and (10), yielded negative values for the system of PbSe 1Àx S x for the two limiting cases of PbSe and PbS with a small addition of each other. So a noticeable increase of zT is not expected by theory as well when a solid solution is formed. Fig. 4b shows the relative change of quality factor in solid solutions as a function of composition given by:
Eqn (11) reduces to (9) and (10) in the dilute limit. Being consistent with (9) and (10), Fig. 4b indicates that DB stays negative throughout the composition range. The calculated optimized zT based on the described models is shown as a dashed line in Fig. 4b will the quality factor of the virtual system to which the change in alloys is compared. In general cases when a gradual linear extrapolation is obeyed by all material properties (m * I , X, C l , and N v ) that depend on composition, the criteria (9) and (10) can still be applied to estimate the change of zT relative to the weighed average of optimum zT of the two compounds.
Conclusions n-type PbSe 1Àx S x (0 # x # 1) is studied and the observed transport properties can be well understood assuming random anion site substitution. The mobility shows asymmetrical reduction, which is due to the different effective masses in the alloys. Despite the signicant thermal conductivity reduction and high zT over the entire composition range, the alloys between PbSe and PbS do not produce signicant increase of zT over those of PbSe and PbS, which agree with the criteria of benecial disorder for thermoelectrics.
Experimental methods
Samples are prepared by the conventional melting technique, with additional care to achieve homogenization while avoiding treatments that lead to microstructural formation or phase segregation. Elements were loaded into quartz ampoules and sealed under vacuum <10
À4 torr. The dopant of Cl was added in the form of PbCl 2 and S was dehydrated. The ampoules were heated to 650 K in 4 hours and soaked for 2 hours to enable the initial reaction of Pb and S, the temperature was then increased to 1373 K and held for 72 hours followed by quenching and annealing at 900 K for 72 hours. Ingots were ground and pressed using an induction heated hot press 74 under an Ar atmosphere at 823 K for 60 minutes with a 40 MPa load. The obtained disks were 12 mm in diameter, around 1 mm thick with relative densities above 98%. The temperature dependent resistivity and Hall coefficient within the plane were measured by the Van der Pauw method. 75 Cross-plane Seebeck coefficient at different temperatures was measured under oscillating temperatures with Chromel-Nb thermocouples. 76 Thermal conductivity was calculated as k ¼ dD T C p , with the thermal diffusivity D T measured along the cross-plane direction by the laser ash method (Netzsch LFA 457) under Argon ow using the Cowan model plus pulse correction. The heat capacity C p was determined using the equation C p /k B atom À1 ¼ 3.07 + 4.7 Â 10 À4 (T/K-300) by tting high quality measurement results. 77 All properties are isotropic based on a previous study on PbSe. For each measurement data were collected during both heating and cooling and no hysteresis or change in properties were observed. The uncertainty of each measurement is about 5% which when combined could lead to a maximum of 20% uncertainty in the zT value.
